Abstract. One of the main difficulties during the design of collaborative learning activities is adequate group formation. In any type of collaboration, group formation plays a critical role in the learners' acceptance of group activities, as well as the success of the collaborative learning process. Nevertheless, to propose both an effective and pedagogically sound group formation is a complex issue due to multiple factors that influence group arrangement. The current (and previous) learner's knowledge and skills, the roles and strategies used by learners to interact among themselves, and the teacher's preferences are some examples of factors to be considered while forming groups. To identify which factors are essential (or desired) in effective group formation, a well structured and formalized representation of collaborative learning processes, supported by a strong pedagogical basis, is desirable. Thus, the main goal of this paper is to present an ontology that works as a framework based on learning theories that facilitates group formation and collaborative learning design. The ontology provides the necessary formalization to represent collaborative learning and its processes, while learning theories provide support in making pedagogical decisions such as gathering learners in groups and planning the scenario where the collaboration will take place. Although the use of learning theories to support collaborative learning is open for criticism, we identify that they provide important information which can be useful in allowing for more effective learning. To validate the usefulness and effectiveness of this approach, we use this ontology to form and run group activities carried out by four instructors and twenty participants. The experiment was utilized as a proof-of-concepts and the results suggest that our ontological framework facilitates the effective design of group activities, and can positively affect the performance of individuals during group learning.
INTRODUCTION
Collaborative learning (CL) has a long history in Education (Stahl, Koschmann, & Suthers, 2006) . Nevertheless, with the fast development of technologies that enhance collaboration and communication, recently, this approach has been attracting more attention and becoming a popular method used in classrooms, e-learning environments, and enterprises. According to Soller, Martínez-Monés, Jermann, and Muehlenbrock (2005) , over the past decade the number of technologies that enable people to learn collaboratively have increased considerably. Although these technologies have stimulated the use of group activities to support learning, many researchers have noted problems with a lack of tools and a more systematic approach (computer-understandable approach) to support pedagogically sound group formation and the adequate design and application of CL (Inaba, Supnithi, Ikeda, & Mizoguchi, 2000; Strijbos, Martens, & Jochems, 2004; Ounnas, Davis, & Millard, 2008) .
In CL, group formation plays a critical role that affects the acceptance of group activities and the success of the learning process. Some researchers claim that inadequate group formation has been the main reason for many unsuccessful applications that rely on CL (Fiechtner & Davis, 1985; Graf & Bekele, 2006) . Nevertheless, the work of Wessner and Pfister (2001) shows that only a few CSCL systems provide functionality for group formation. The majority focuses either on techniques for sharing resources, or on improvements of group performance 1 . In this paper we focus our discussion on the necessity of sophisticated group formation to set roles, goals, and activities for each learner before a CL session starts. To propose effective group formation, it is helpful to have a clear and conveyable understanding of many learning theories and their features. However, it is difficult for users (e.g. instructors) to have such a common understanding. Our approach calls upon techniques of ontological engineering to build ontologies that represent, explicitly and formally, the main concepts of each theory which are obtained by our interpretation of theories from group formation perspectives. We then proposed a method for adequately using those concepts. Such an approach does not intend to neglect the existence of other effective methods for group formation. Instead, our approach can (and should) be used jointly with other approaches to increase the benefits of group learning by offering structured and well-linked information that facilitates pedagogically sound CL sessions in a variety of contexts.
The method for group formation using ontologies proposed in this paper consists of, first, understand students' needs (individual goals) and then select a theory (and also group goals) to form a group and design activities that satisfy the needs of all students within a group. Our hypothesis is that if we know beforehand more about students' needs it is possible to increase the benefits of collaboration by grouping students who can support one another (win-win approach) and propose more personalized CL activities that help the members of a particular group to achieve their goals as individuals and as a group. The proposed method is the opposite of conventional methods where instructors initially design collaborative activities and then assign real learners to the various roles and groups. To demonstrate the feasibility of our method we run an experiment as proof-of-concepts where instructors designed and deployed group activities to support development of participants. Each method (conventional and proposed) has its pros and cons, therefore depending on the situation an instructor could opt for one of them. Although in this paper we address mainly the support of our proposed approach, the ontology developed in this work can support instructors to use a more "traditional" approach and decide in which conditions he/she should switch to other methods for group formation.
The structure of this paper intends to, first, introduce the current state of the art of group formation. Next, it gives an overview of our theory-driven group formation concept as it's developed to date. Following, it presents the CL ontology and a method for group formation. And finally, in order to validate the usefulness of this ontology, it presents the results of an experiment performed with four instructors that have used our ontologies to form groups with the intent to sharpen the communication skills of twenty participants in an ill-structured environment.
RELATED WORK IN GROUP FORMATION
In the literature, gathering learners into learning groups has different names, such as group/team formation or group/team composition. However, the meaning of these terms is basically the same, which is to identify concepts that serve as basis for forming a more effective group. The term effective is explored differently among researchers in the field, but often is used as a synonym for the adequate allocation (and/or optimal sharing) of resources to maximize the chances of learning. These resources can be tangible, such as learning materials and tools to support collaboration, or intangible, such as knowledge and skills to be learned. In the following paragraphs we will show some related work in group formation which combine two or more resources (parameters) to form groups.
Usually, the allocation of resources is based on decisions regarding learner's profiles, technologies, and pre-determined tasks (CL techniques or CL best practices). The use of learner's profiles helps instructors adequately deliver content adapted to satisfy the necessities of the group and its members. For example, the work of Alfonseca, Carro, Martín, Ortigosa, and Paredes (2006) shows the benefits of using learning styles to gather students with similar styles in order to adapt the content for groups working in adaptive hypermedia environments. Thus, it is possible to increase the heterogeneity of a group according to gender, culture, expertise, and other variables, without adapting the content for each member of the group. Different approaches using information extracted from the learner's profile to form groups (e.g. knowledge about the content, personality, attributes, and programming styles) are discussed by Greer at al. (1998) , Graf and Bekele (2006) , Faria, Adán-Coello and Yamanaka (2006) and Ounnas et al. (2008) .
Another interesting approach for group formation is to include inputs from the environment, such as the availability of specific tools and learning materials, or emotional parameters of learners, and form groups considering these restrictions. Muhlenbrock (2005) , and Wessner and Pfister (2001) point out that the use of special technologies (e.g. PDAs and ubiquitous sensors) to obtain variables from the environment can provide an additional source of information, helping to identify the context (or collaboration context) where the collaboration will take place, and thus, improving the quality of the grouping.
Finally, one of the most used approaches for group formation is the use of CL techniques (also known as CL best practices). Usually, a thoughtless group formation (e.g. random selection of learners) and non-structured CL activities (e.g. free interaction) result in inequitable participation, off-task behavior, resistance to group work, and learners in the same group working at different paces (Dillenbourg, 2002; Barkley, Cross, & Major, 2005) . Thus, the use of CL techniques aims to ensure better individual accountability and positive group interdependence. Some of the benefits of CL techniques presented by Barkley et al. (2005) are (a) a better explanation of the activity, thus providing learners with a basic overview of the whole picture of the collaboration process; (b) clarification of macro-objectives of the group task which helps learners to understand the benefits of the activity; and (c) outlining the task procedures and describing more precisely what learners should do and how they should behave (assignment of roles), thus minimizing confusion during the activities. In this context, the available supporting systems for group formation are tied with one CL technique. For example, the work of Soh et al. (2008) proposes an algorithm for automating group formation based on one of the well-known CL techniques called Jigsaw (Aronson & Patnoe, 1997) . In another related work, Deibel (2005) describes a method to support group formation based on Jigsaw for computer science in-class group work. Both works show interesting advantages in using group formation to foster learner participation, to promote peer-teaching, and to motivate critical thinking.
Although the benefits of the group formation approaches are presented in this section, a critical review made by Strijbos et al. (2004 Strijbos et al. ( , 2007 and Resta and Laferriere (2007) reveals that there is limited research on this topic which makes the design of groups based only on learner's profiles, technologies, and tasks insufficient for proposing well thought out CL sessions. To fully support CL, group formation methods should consider critical elements that affect learner's interaction while taking care to design specific formations with CL activities that elicit expected interaction processes. Furthermore, the impossibility of justifying either theoretically or pedagogically the selection of participants to compose a group is one of the main weaknesses of the available methods, and a strong reason for teachers' hesitation in deploying systems with group formation capabilities.
To improve previous achievements and fill the gaps presented in the previous paragraph, our work aims to provide theoretical knowledge, extracted from learning theories that support CL (e.g. Cognitive Apprenticeship (Collins, 1991) ), which can be understood by both humans and computers and be used to further increase the benefits offered by others approaches. Such knowledge provides the theoretical justifications to form groups and offers the fundamental setting for an effective CL design and the essential conditions to predict the impact of interactions in the learning process.
In this theoretical approach the term effective is used differently from other approaches. It is not concerned explicitly with adequate allocation and/or optimal sharing of resources, although it provides support for it. This term refers to the creation of collaborative scenarios that can be theoretically and/or pedagogically justified. In this case, a group formation is effective if it can be justified by one or more learning theories. Therefore, group goals, individual goals, learning strategies, learners' conditions, CL activities, and other variables present in a CL scenario should be in agreement with a specific learning theory to validate the effectiveness of the group formation. In this situation, it is possible to enjoy the benefits that learning theories provide, such as the rationale for the design of CL activities, the possibility to predict educational benefits, and finally, well-succeeded (effective) learning.
As shown in Figure 1 , the theoretical approach can be thought of as a higher-level policy that gives pedagogical foundations and better structure to CL, and eventually, can be used jointly with other higher-level policies such as CL techniques (ex. JIGSAW) cited in this section. These higher-level policies have a common lower-level policy (bottom of Figure 1) . Thus, the higher-level policies are used together with lower-level policies to improve collaboration. An example of lower-level-policy is to augment the heterogeneity of participants in a group.
The possibility of using CL techniques harmoniously together with theoretical approaches is highly desired because each gains benefits from the other. On one hand, the activities described in CL techniques can be supported and better explained through the use of learning theory. On the other hand, descriptions in learning theories can be more easily carried out through the use of concrete activities from CL techniques. The "symbiosis" between CL techniques and a theoretical approach is possible because both have the same goal, which is to create better conditions for learners to learn collaboratively. One of these conditions, often cited by researches, is the heterogeneity of participants in a group. The heterogeneity can be thought in terms of different characteristics such as interests, abilities, academic grades, attitudes, knowledge, and others (Graf & Bekele, 2006; Resta & Laferriere, 2007) . The intention of forming groups with heterogeneous participants is what we call lower-level policy. Random selection of learners and learner self-selection are two examples of non-desirable policies commonly used in classrooms to increase heterogeneity. Such approaches provide many unsuccessful collaborative learning sessions (Fiechtner & Davis, 1985; Barkley at al., 2005) . Thus, to ensure the adequate heterogeneity of participants and a better CL session, the research community has been developing a variety of technologies and using different supportive information (left of Figure 1 ) obtained from the environment and from learners to increase the use and success of higher-level policies in proposing better CL experiences. Figure 1 . Proposed theoretical approach that can be used together with other approaches to further increase the benefits of collaborative learning. The "resources" box shows some elements that can be used to support group formation.
THEORY-DRIVEN GROUP FORMATION
Many learning theories contribute to in-depth understanding and support of CL (e.g. LPP (Lave & Wenger, 1991) ). By selecting an adequate theory, we can provide the rationale justifying that the suggested group formation can help learners achieve learning goals. One could disagree that it is possible to support or enhance effective group formation by using learning theories. The authors are aware that theories have flaws and are not "watertight." However, learning theories can provide some essential conditions in which learners are able to learn more effectively. By explaining the learning process, besides trying to explain what happens inside of a learner, a learning theory also gives, either explicitly or implicitly, the context in which learning activities have been taking place, the target knowledge/skill that has been tackled, and the roles played by learners. An example of such a claim can be observed in sentences quoted from Collins (1991) In these quotes, it is possible to grasp some basic ideas described in Cognitive Apprenticeship theory. First, this theory can somewhat support the development of skills, more precisely, cognitive skills; and second, this theory requires that the context of learning activities should incorporate situations from everyday life, more precisely, situations that are familiar to those who are using the activities and which reflect the real-world uses of the skills. Another possible point of disagreement is that the use of learning theories to adopt some regulations 2 could harm the CL process. However, according to Dillenbourg (2002) and Strijbos and Fischer (2007) effectiveness of CL relies on how well we understand the multiple factors that influence group interactions and use such understanding to prescribe appropriated learning groups and scenarios that facilitate meaningful interactions among learners. From such an observation, the use of theories as guidelines can increase the effectiveness of CL.
There are many benefits in deploying learning theories to support CL. However, to select an appropriate theory for a specific situation is a difficult and time-consuming task. One of the reasons is the difficulty in understanding the theories because of their complexity and ambiguity. Each theory has different point of views, levels of aggregation, perspective, and emphasis. Furthermore, they are often written in natural language and there is no common vocabulary to describe their characteristics. This difficulty is well observed by Hayashi, Bourdeau, and Mizoguchi (2006) in their work to build a framework 3 to support the adequate use of instructional and learning theories for individual learning. Therefore, to allow the rational use of theories to support CL, we must establish a common conceptual infrastructure on which we can clarify, at least partially, what CL is and how learning theories can facilitate the identification of a well thought out group structure.
Ontologies have shown significant results in representing educational theories and using them effectively (Psyche, Bourdeau, Nkambou & Mizoguchi, 2005; Hayashi et al. 2006) . In CSCL, one of the pioneering works in using ontologies to establish a system of concepts that models CL, with theoretical support, was presented by Inaba et al. (2000) . This ontology is referred to as Collaborative Learning Ontology (CL ontology). Since this initial work, many steps have been taken to improve this ontology and facilitate its use to support the development of ontology-aware systems for CL (Inaba et al. 2003 (Inaba et al. , 2004 Isotani & Mizoguchi, 2006 ).
An analysis of the CL ontology presented in the book written by Devedzic (2006) indicates that it can be quite useful to support CL in Semantic Web-based educational systems by offering: (a) a general framework and vocabulary to describe CL scenarios based on theories; (b) standard vocabulary and knowledge that can be used by pedagogical agents facilitating the communication and negotiation among them; (c) clarification of the behavior and roles for learners; and (d) specification of conditions to be met so intelligent systems can shift from individual learning to collaborative learning in the appropriate time and/or situation, besides assigning adequate roles to each learner based on learners' information. Some interesting examples that show the usefulness of this ontology are presented by Barros, Verdejo, Read, and Mizoguchi (2002), Inaba, Ohkubo, Ikeda and , and Isotani and Mizoguchi (2007) . Nevertheless, previous achievements have some room for improvement. It is especially difficult to propose group formation in compliance with theories. To overcome such a limitation we have been working to clarify the concepts extracted from theories and to promote the adequate use of these concepts. In the next session, we present some of these concepts and explain how they can be used for effective group formation.
TOWARDS AN ONTOLOGY-AWARE CSCL SYSTEM WITH THEORETICAL SUPPORT
Our work uses ontologies as a common conceptual infrastructure in which learning theories and CL are described explicitly and formally. As discussed previously, we aim to enable theorydriven group formation that offers guiding principles that link the design of CL activities with the analysis of interaction processes. This approach allows us to identify intended goals, roles, and strategies for a group and its members during the design process. Then, we can more easily analyze individuals' and groups' interactions to identify whether the proposed interactions were carried out successfully or not and whether learners attained the expected benefits or not. Finally, with a strong analysis of interactions it is possible to acquire knowledge about learners and propose a better group formation afterwards (Figure 2 ). 
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Ontology-aware support system Figure 2 . A full view of the total system of the theory-based group formation and analysis.
The framework proposed in Figure 2 is the ideal flow to offer a better learners-centered and theoretically-valid CL session. Usually, related researches initiate the design of CL activities before selecting learners or forming groups. This approach facilitates the work of designing general CL activities that can be applied in different situations with different learners. Nevertheless, our approach using ontologies already contains the theoretical knowledge that offers the basis for CL design. Thus, in our framework it is possible to focus on forming groups and then use different information (left of Figure 1 ) to design specific CL activities to support CL scenarios which can help a group of learners achieve their goals. Furthermore, each component of this framework (group formation, CL design, interaction analysis, and use of meaning results) can be developed fairly independently of each other. This flexibility comes from the fact that all components share the same ontology, and thus, can follow the same structure of variables, inputs, and outputs. Before the establishment of this framework, previous works in our research group had developed various systems to support CL using ontologies as shown in Inaba et al. (2000; 2002) .
ONTOLOGY FOR GROUP FORMATION
To identify the concepts to develop an ontology that supports CL we need to select appropriate information to propose a principled group formation that creates favorable conditions for learners to perform CL activities and helps instructors to more easily estimate the benefits of a CL session. To accomplish that we interpreted learning theories from a purposespecific viewpoint to extract useful information which enables (a) group formation with role assignment; and (b) the specification of interaction flows to facilitate the design of collaborative learning activities. Note that we did not try to do a generic representation of the theories. To prioritize the concepts that should be represented in our ontology, we focused on concepts related to the designing of learning scenarios that have higher impact on changes in the learner's stage of learning. Specifically, we focus on such concepts that allow for a system to answer the following questions based on theoretical support:
-What learners can/should participate in the collaboration? Some theories require from learners a high degree of knowledge or skill to accomplish some tasks (e.g., distributed cognition). Other theories are specialized to help lessknowledgeable learners. To identify which learners have the potential to get more benefits from a specific theory, our ontology represents the stages of learners' development in terms of knowledge and skills and connect this stages with other concepts such as roles and interactions. More detailed discussion about how we represented knowledge/skills is presented on section "Main Concepts for Group Formation".
• What goals they have?
Our ontology intends to be domain independent. Therefore, individual learning goals are represented as changes in the learning stages rather than understanding particular domain concepts. Also group goals are domain independent as well.
• What roles they play?
Each theory we analyzed describes roles for learners in a specific CL scenario. Some theories name each role (e.g. Peer Tutoring) and others don't (e.g. Cognitive Flexibility). In our ontology we named each role and we try to extract from the theories the pre-requisites (in terms of knowledge/skills) necessary to play the role and the benefits for playing the role to each player.
• What tools they can use?
The learning materials (or learning objects) are especially important to select adequate activities for learners and support CSCL activities. This concept is presented in our ontology and is linked with the interaction processes.
• What actions/interactions/activities they can/should do?
One of the main components of CL is the interaction and interaction processes. Each theory proposes different interaction processes to achieve a determined learning goal. Then, our ontology tries to capture such differences and represent them in concepts such as learning strategies and interaction patterns. Other concepts (e.g. students' behavior and learning styles) were also defined in our CL Ontology. However, this ontology is not complete. Some of concepts that we still need to represent are: (a) concepts related to learning assessment within a theory; (b) concepts related to the external environment (a CL session can be conducted anywhere?); and (c) concepts related to teachers' behavior and strategies to support CL.
Overview of the CL Ontology
The CL Ontology is a complex ontology aimed at building a sophisticated system of concepts through a survey of existing learning theories (Inaba et al. 2000) . In this initial overview, we explain some concepts of the CL ontology developed to date. In the following sub-section, we concentrate on giving more details about three concepts that are essential for group formation.
Collaborative Learning has proven an effective learning method, and sometimes it offers more benefits and advantages than individual learning (Barkley et al., 2005) . In CL sessions, learners are encouraged to interact by asking questions, explaining and justifying their opinions, articulating their reasoning, and elaborating and reflecting upon their knowledge, besides many other forms of social interaction (Soller, 2001) . In fact, educational benefits attained by learners during the CL process depend mainly on interactions. Suthers, Dwyer, Medina and Vatrapu (2007) emphasize that learning is an "interactional process of change". Learners interact in an attempt to make sense of a situation, and thus, learn (meaning-making). In a collaborative environment, learners rely on interactions that are strongly influenced by the characteristics of the learning groups. Therefore, how the gathering of learners takes place is critical to ensure educational benefit. In other words, to attain a learning goal, learners need to interact in a certain way. As we discussed previously, learning theories describe, sometimes implicitly, this way of interaction and its expected benefits when performed in an adequate scenario.
The CL ontology offers a framework to describe the concepts extracted from theories that are essential for a successful interaction among learners. To describe these concepts, let us introduce some concepts and their specific terminologies used in the CL ontology:
I: Person in focus.
You or Y: Any participant of the group expected to interact with I I-goal: Individual goal. It represents what a learner is expected to acquire, described as a change of a learner's knowledge/cognitive state. It is good to note that it is not necessary to have a You-goal, because when we focus on the You participant, he/she became the new person in focus (I). I-role: role played by the person in focus. You-role: role played by the participant who is interaction with the person in focus. Y<=I-goal: Learning Strategy. It represents the strategy used by I (learner in focus) to interact with You (another learner) in order to achieve the I-goal. W(L)-goal: common learning goal for members of the group (group goal) W(A)-goal 4 : goal of the rational arrangement of the group's activity used to achieve the W(L)-goals and I-goals. It characterizes the CL process according to a specific theory.
Using this terminology, the CL ontology describes for a specific situation the reason of the interactions among learners in terms of individuals and group goals as shown in Figure 3 (a) (Inaba & Mizoguchi, 2004) . This figure represents the learning goals of a group with three learners LA, LB, and LC. Each of these learners has an individual goal (I-goal) described as Igoal(LA), I-goal(LB) , and I-goal(LC), respectively. Concerning interactions among learners, from the point of view of LA, he/she will play a role to interact with LB using the strategy Y<=I-goal(LB<=LA) in order to attain his/her I-goal (LA) . From the point of view of LB he/she will play a role to interact with LA using the strategy Y<=I-goal(LA<=LB) to attain his/her Igoal(LB). There also the point of view of LC when he/she interacts with LA or LB, and so on and so forth. Besides the representation of individual goals, there are the group goals. The goal of the whole group is represented by W
(L)-goal(LA, LB, LC) and W(A)-goal(LA, LB, LC).
Furthermore, it is useful to represent the goals of a specific cluster of learners who belongs to a bigger group (a small group inside of bigger group). In Figure 3 (a), the group goals of a small group that contains the learners LA and LB as W(L)-goal(LA, LB) and W(A)-goal(LA,LB) are represented . Figure 3 (b) shows a simple example of the instantiation of the presented concepts to describe a group based on two different theories: Cognitive apprenticeship by Collins (1991) and Observational theory (Bandura, 1971) . Figure 3 . In (a) we present some concepts and terminologies used in the CL ontology and in (b) an example of the instantiation of these concepts.
Figure 3 tries to provide a succinct and comprehensive illustration of some concepts included in the CL ontology. Note that W(A)-goal cannot be illustrated as a simple sentence as the other concepts, because this concept is the rational composition of other concepts. Besides that, the Y<=I-goal is simply a label without much meaning in the figure. The real semantics and relations of the concepts are represented in our ontology as a system of concepts. In the next section we detail these concepts and how they are organized and represented in the CL ontology to realize theory-driven group formation.
Main Concepts for Group Formation
This section presents 3 key concepts, extracted from theories, necessary to understand how groups are formed using our ontology: learning goal (individual and group goals), role, and instructional-learning event.
Our working hypothesis for building a comprehensive ontology and defining individual learning goals is that every theory rests somehow on a common basis to explain learning (and instruction). While the assumed mechanism of developing knowledge/skills is different from each paradigm or theory (e.g. behaviorism, cognitivism and constructivism), the idea of states and stages in the learning process is common. According to (Ertmer & Newby, 93) , although instructional/learning theories have unique features and different point of views, they describe the same phenomena of "learning". Thus, it is possible to have an engineering approximation of the states/stages where we can conceptualize "Learning" as changes in the learner's state/stage of development (Hayashi et al., 2006) . These changes can occur in an individual learning environment or in more social environment (group learning).
Following such an observation, the authors adopted the theory of knowledge acquisition proposed by Rumelhart and Norman (1978) and the theory of skills development proposed by Anderson (1982) to describe individual learning goals that are domain independent. Both theories are used to give a common background to describe learning as changes in the learner's stage, regardless of that these changes occur in individual or social environment. According to Rumelhart and Norman (1978) , Anderson (1982) , and Inaba et al. (2000) , although there is a variety of learning goals, the process of a learner's growth can be described in terms of the stages of knowledge acquisition and skill development (Table1). Thus, concerning individual goals, the CL ontology succinctly describes the learner's knowledge acquisition process and skill development process by adopting the stages and vocabulary used by these theories.
The process of acquiring specific knowledge includes three stages of learning: accretion, tuning, and restructuring (Rumelhart & Norman, 1978) . Accretion is adding and interpreting new information in terms of pre-existing knowledge. Tuning is understanding knowledge through its application in a specific situation. Restructuring is considering the relationships of acquired knowledge and rebuilding the existing knowledge structure.
Considering the development of skills, there are also three stages of development: the cognitive stage (rough and explanatory), the associative stage, and the autonomous stage (Anderson 1982 ). The cognitive stage involves an initial encoding of a target skill that allows the learner to present the desired behavior or, at least, some crude approximation. The associative stage is the improvement of the desired skill through practice. In this stage, mistakes presented initially are gradually detected and eliminated. The autonomous stage is the gradual and continued improvement of the skill. In this stage, the learner can accurately and quickly perform the desired behavior.
Further, s(x,y) is the simplified form that represents the actual stage of the learner: x represents the current stage of skill development and y represents the current stage of knowledge acquisition. For instance, s(0,1) illustrates that the stage of skill development is nothing and the stage of knowledge acquisition is accretion. Table 1 . Stages of learning development (Inaba et al., 2000) .
Concerning the description of group goals in the CL ontology (W(L)-goal), there are four types: knowledge sharing, creating a solution, spreading of a skill and knowledge building (or knowledge transmission). These goals were extracted from some of the theories we have analyzed. For example, the Cognitive Flexibility theory supports the sharing of knowledge, and the Cognitive Apprenticeship theory supports the spread of skills.
One of the main factors that affect learners' interactions and, consequently, the achievement of individual/group goals is the role played by learners. A role provides pedagogical support stating functions, goals, duties, and responsibilities that guide learner's behavior and tend to increase group stability, satisfaction, and communication (Strijbos & Fischer, 2007) . For example, the role of "Tutor" offers educational benefits for a learner who has knowledge about the content, but does not have much experience in using such knowledge. It is because this learner has to explain the content using his or her own words in order to teach and, consequently, obtain a better understanding about it. However, the same role does not bring as much benefit for a learner who already understands the content well and teaches it often. Therefore, we need to know what roles a learner can play in order to support effective group formation. To identify who can play a role and who is appropriate for it, the CL ontology defines the learner's behavior needed to collaborate and two types of pre-requisites: necessary conditions and desired conditions. As the names suggest, the necessary conditions are those essential for role play. In other words, if a learner does not fulfill these conditions, he/she cannot play the role, and the desired conditions are those that a learner should satisfy to obtain the full benefits. In other words, if a learner does not fulfill these conditions, he/she can play the role, but the expected educational benefits might not be obtained. Currently, the CL ontology represents 13 roles, their behavior, pre-requisites, and possible benefits for the player, extracted from 8 different theories as shown in Table 2 (Inaba & Mizoguchi, 2004) . In the Column "prerequisites" the sentences starting with "*" are the necessary conditions for playing a role, and the sentences starting with "-" are the desired conditions to play the role. Master * knowing how to use the cognitive skill * having experience in using the cognitive skill * knowing how to use meta-cognitive skill * having experience in using the meta-cognitive skill Development of cognitive and/or meta-cognitive skill (autonomous stage) Cognitive Apprenticeship (Collins, 1991) Apprentice Nothing Development of cognitive and/or meta-cognitive skill (cognitive stage & associative stage) Panelist * knowing how to use a skill for selfexpression * having his/her own opinion -not having experience in using the skill for self-expression Development of skill for selfexpression (associative stage) Cognitive Flexibility (Spiro et al., 1988) Audience * having the knowledge * having experience in using the knowledge * having related knowledge in the domain Acquisition of content specific knowledge (restructuring) Distributed Cognition (Salomon, 1993) Full participant * having the knowledge * having experience in using the knowledge * having related knowledge in the domain * knowing how to use the cognitive skill * having experience in using the cognitive skill * knowing how to use the metacognitive skill * having experience in using the meta-cognitive skill (Lave & Wenger, 1991) Peripheral participant * knowing how to use the cognitive skill * knowing how to use the metacognitive skill -not having experience in using the cognitive skill -not having experience in using the meta-cognitive skill Development of cognitive skill (associative stage) Development of meta-cognitive skill (associative stage) Peer Tutoring (Endlsey, 1980) Peer tutor * having the target knowledge -not having experience in using the knowledge To play a role satisfactorily a learner needs the adequate context. In this research, the context is extracted from each analyzed theory which defines the foundations for effective interaction among learners. From the group formation perspective, this work concentrates on explaining two aspects of such theory-based context: the learning strategy and the CL process, with emphasis on interaction patterns. To express these concepts and their relation with the concepts presented in the previous section, in Figure 4 we show an updated version of our ontological structure developed to date. The CL session concept, which is a CL session with theoretical support, consists of two main parts: the learning strategy and the CL process. As we discussed briefly in the previous section, a learning strategy (Y<=I-goal) is the form used by a learner to interact with other learners to obtain the desired benefit. Because of that, this concept is intrinsically dependent on the roles played by learners during collaboration and the desired goals of the learner who uses the strategy. Figure 4(a) shows the ontological definition of Y<=I-goal. In this figure, I-role is played by the main learner (the one who uses the strategy); You-role is played by a supporter learner who interacts with the main learner; I-goal(I) is an individual goal that can be attained by the main learner through the use of the strategy; and finally, the term Role Holder 6 in our 6 The Role Holder concept is a very deep concept to treat roles adequately in ontologies. Further information about the definition of this concept can be found in (Mizoguchi, Sunagawa, Kozaki & Kitamura, 2007) . ontology refers to a set of learners who can play the specific role in the context determined by Y<=I-goal.
Using the structure of Y<=I-goal we can represent, for instance, a configuration of a CL session based on the Cognitive Apprenticeship theory where a learner interacts with other learners to guide them during the resolution of a problem. As shown in Figure 3(b) , from the point of view of the learner who guides, he/she is using the learning strategy (Y<=I-goal) called "learning by guiding"; his role (I-role) is known as the "master role", the role of the learner who receives the guidance (You-role) is known as an "apprentice role", and his/her individual goals (I-goal) are to acquire cognitive and meta-cognitive skills at the autonomous level. Furthermore, using the relation between learners and roles, shown in Figure 4(b) , it is possible to check whether learners have the necessary and desired conditions to play the role, and thus, to identify who has better chances to play the role successfully. In Figure 5 The next concept needing further explanation is the CL process (W(A)-goal). This concept specifies the goals of the group activity (W(L)-goal) and the rational sequence of interactions (interaction pattern) provided by theories that support the achievement of individual and group goals. Previously, we presented the concept of W(L)-goal and its types (knowledge sharing, creating a solution, spreading of a skill, and knowledge building). Following are the details of the concept of interaction patterns.
The essence of CL is the interactions among learners. Recently, the CL community has been putting great efforts to offer support for meaningful interactions. The development of CSCL scripts is one of these efforts. These scripts are guidelines to give structure to CL activities that previously were performed freely producing deficient interactions (Dillenbourg, 2002; Miao, Hoeksema, Hoppe & Harrer, 2005) . To use and to share these scripts adequately it is necessary to have a common vocabulary. Furthermore, to create a script based on pedagogical/theoretical models, instructors and teachers must be aware of the characteristics of theories/pedagogies and able to represent those characteristics explicitly in terms of the vocabulary.
To support both, common vocabulary and explicit representation of interactions, the CL ontology provides the interaction patterns (Inaba et al., 2002; Isotani & Mizoguchi, 2006) . These patterns formally describe the flow of the interactions, which specify how group interactions should occur according to a specific learning theory. For example, in Cognitive Apprenticeship theory, initially a master interacts with an apprentice to show the context of a problem; following; the master interacts to demonstrate how to solve the problem in the specific context; and finally, by monitoring and coaching the master supports the development of the apprentice. This portion of the interaction pattern of Cognitive Apprenticeship theory is justified in the work of Collins (1991) , which explains that learning has more chances to occur if it is presented in a specific context, providing in-context examples of correct solutions (or behaviors), and with support of a more knowledgeable partner. It is worth noting that a learning theory does not necessarily have one interaction pattern. Rather, a theory can have many patterns according to different authors which emphasize different aspects of the theory to achieve different (or even the same) educational benefits. In such cases, ontologies provide the common vocabulary and the framework to describe these patterns explicitly and without ambiguity.
In CL ontology, interaction patterns are composed of necessary and complementary interaction activities as shown in Figure 4 (d). The interaction activities are represented by influential I_L events, which is the abbreviation for influential instructional-learning event. A similar structure for individual learning was presented by Hayashi et al. (2006) . Each I_L event is composed of both an instructional event and a learning event. These two events are composed by an actor of an action, the action, and the benefits of this action to the actor (Figure 4(e) ). The actor of an action is the Role Holder, which means that an actor can only be a learner who plays a specific role in the CL process (e.g. Master and apprentice). An actor can act as an instructor (learner doing an instructional action) or as a learner (learner doing a learning action), and through the interaction among actors the attainment of educational benefits occurs. This formalization in the CL ontology allows explicit representation of the interaction and its benefits from both points of view: for those who do the action and for those who receive the action. Furthermore, it also provides a macro-view of the CL process, in terms of flow of interactions and sequence of activities, and a micro-view of the CL process, in terms of actions and reactions among learners which facilitates the educational benefits of each action.
Note that the I_L events are fundamental to link group formation, CL design and Interaction analysis as shown in Figure 2 . Once a group is formed according to a theory, we can use the I_L events (interaction patterns) to identify the best sequence of activities for the group following the same theory; and finally, we can analyze the real actions of each learner and compare them with the expected actions defined in the I_L events. Thus, if learning does not occur as expected, it is possible to pinpoint the deficient interactions and propose a solution to solve it.
A Group Formation method
Subsequently, the question becomes how to use the CL ontology developed to date to form groups. First of all, the ontology is used as a common vocabulary to set up the CL session. After that, we use the relationship among concepts to identify the best group formation that satisfies the session requirements.
A conventional method for group formation is, first, select a group goal and a basic structure (based on learning theories, best practices or CSCL scripts) to design collaborative tasks/scenarios and then assign real learners to the various roles and groups. This practice can be easily used in face-to-face classrooms and it is often used together with CSCL scripts (Kobbe et al., 2007) . To support this method the CL ontology explicitly shows for each analyzed theory the common goal of individuals within a group (group goal). With the linked information presented in the ontology it is also possible to utilize interaction patterns to help instructors in designing goal-oriented collaborative activities. Finally, if the instructor can gather information of students, he/she can use the ontology to assign roles for each learner in a systematic manner.
Although this method has been used effectively in a variety of contexts, other interesting approaches for group formation which use users' information more efficiently can be sought. Therefore, an alternative method that we want to explore in this paper consists of, first, understand students' needs (individual goals); then select a theory (and also group goals) to form a group; and finally design activities that satisfy the needs of all students in a group. Our main hypothesis is that by having students' information beforehand, we can better understand students' needs; and thereby increase the benefits of collaboration by grouping students who can support one another and propose more personalized CL activities that help them to achieve their goals as individuals and as a group.
These two methods complement each other. Therefore, depending of the situation an instructor can opt for one of them. The first method that will be referred to as group-individual orientation method does not require prior knowledge of students and help instructors to adopt and implement group learning in classroom and e-learning environments. The proposed method will be referred to as individual-group orientation method. It requires students' information beforehand to adapt group formation and CL activities. With more personalized activities for each group/student we can facilitate the achievement of individual goals as well as group goals. The CL Ontology can be used to help instructors to decide which method is the best for a specific situation. Table 3 shows some pros and cons of each method.
Table 3. Pros and Cons of two methods for group formation
Group-individual orientation
Individual-group orientation Pros Pros -Does not require prior knowledge of participants. -Easy to be adopted and implemented in classroom or e-learning environments. -Any learner can join a group and roles can be assigned by participants or teachers. -Well known approach can be used in CSCL scripts -Easy to apply the same activity for all groups and participants.
-Groups and activities are personalized to fulfill the needs of each participant. -Appropriate roles are assigned according to participants' conditions. -Group goals are defined according to its members and not "imposed" based on preconceptions. -Only learners who can potentially contribute to the others (and vice-versa) can join a group. -Thanks to the above, convincing interaction specification appropriate for learning goal can be specified for each learner and hence appropriate group can be formed. Cons Cons -Group formation and role assignment are not adopted to consider the conditions of each learner. -Group goals are defined prior group formation. Therefore, these goals may not be appropriate for all groups and learners. -Learners who may harm collaborative learning processes of other learners are not treated adequately. -After collaboration learner may not achieve their individual goals because collaborative learning activities were not design to support them.
-To adequately assign roles, it requires prior knowledge of participants' behaviors and stage of knowledge/skills. -Learners who are not suitable to play any role in a specific scenario cannot join the CL process. -CL activities might be different for each formed group requiring the use of semantically enabled environments to track students' interactions within a context.
To propose a group formation using the individual-group orientation method it is necessary to understand students' needs and then use this information adequately to form groups. Therefore, using the concepts in the CL ontology we divide the process of group formation in two phases: planning (getting information) and grouping (forming groups).
To set up a CL session, (planning phase) first, it is necessary to determine what the target individuals have done in the past (experience) and what they can do now (initial levels of knowledge/skills). In this phase, it is possible to identify, for example, the necessities of individuals and which roles they are able to play. An assessment of the content-worth learning and/or the content needed to be learned should follow. The content should be divided into knowledge to be acquired and skills to be developed. The relationships among knowledgeknowledge, knowledge-skill and skill-skill should also be identified. Finally, elect the educational goals expected to be achieved by individuals and/or by the entire group for the specific content. The initial levels of knowledge/skills and the educational goals of each individual should be stated in terms of stages of learning development s(x, y) as indicated in Table 1 . A more detailed specification of this process is presented by Isotani and Mizoguchi (2008) . Furthermore, each step of the planning phase can be completed, at least partially, by following some instructional design strategies published by many different researchers. Some of these strategies and well-known researchers in the field of instructional design can be found in Romiszowski's book (1981) .
By using the CL ontology presented in Figure 4 , the collected information can be used appropriately to form groups (grouping phase). Observe that we have many possibilities to form a group using our ontology. Let us explore one strategy concerning individual goals. In this case, the ontology helps identify conditions where learners can achieve their individual goals by performing CL activities. First, by looking in the I-goal slot (Figure 4a ) of the ontology, we can identify which CL session, supported by a specific theory, can help learners achieve their goals. If we cannot find a session, it means that the theories represented in our ontology cannot help the improvement of the specific learning goal. However, usually there is more than one theory that can help learners achieve their goals. Each theory-based CL session in our ontology provides the settings the CL activities should conform with. To join a session, a learner needs to satisfy the conditions to play a specific role and to follow a strategy, (Figure 4b ) along with other specific conditions prescribed or described by theories. If a learner does not satisfy the conditions of the session, then he/she cannot get the full benefits prescribed by it, or worse, it could harm the CL process. A session also provides the CL process that clarifies the common goal of a group and the interaction patterns (sequence of CL activities) that can be followed by learners to obtain the desired individual and group goals (Figure 4c ). In previous works we have shown how to design CL activities using this ontology. A simple pseudo-algorithm to exemplify the use of the CL ontology to form groups considering only individual goals is shown in Table 4 . The main goal of this pseudo-algorithm is to use the individual goals available in the learner profiles to find a set of learners that does not violate any necessary condition described in the CL ontology. This means that we try to divide a given set of learners into several groups obtaining a portion of the learners that satisfies a set of conditions. This portion does not necessarily cover all learners, but instead, creates groups where all learners in a given group can attain their individual goals, and the conditions of the groups (e.g. roles) are in agreement with a specific theory. This pseudo-algorithm is just one simple alternative for using the information contained in the CL ontology. More Algorithm using agent technologies, web services, and other new technologies can be applied to provide a better use of this ontology. In summary, the pseudo-algorithm showed in Table 4 can be described in narrative as follows:
• Planning Phase -Setup a CL session: 1.1. To determine what the target individuals have done in the past (experience) and what they can do now (initial levels of knowledge/skills). This step aims to identify the needs of individuals and the roles they are able to play. 1.2. Assess the content worth learning and/or the content which needs to be learned.
The content should be divided into: knowledge to be acquired, and skills to be developed. The relationships between knowledge-knowledge, knowledge-skill, and skill-skill should also be identified. 1.3. Elect the learning goals which are expected to be achieved by individuals, and/or by the entire group for the specific content. 1.4. State the initial levels of knowledge/skills and the learning goals of each individual in terms of the stages of learning development s(x,y) as indicated in Table 1 . Each step described above can be completed (at least partially) by following certain instructional design strategies. Some of them can be found in the work of Romiszowski (1981) .
• Grouping Phase -Forming the Groups: There are many possibilities when forming a group. Let us explore one way related to individual goals. 2.1. Match the individuals' goals with a CL session by looking at the I-goal. If no match is found, it means that the theories represented in our ontology cannot help to improve the specific goal. However, usually there is more than one session that can help learners to achieve their goals.
Check whether learners have the necessary and desired conditions to play a role.
Learners who meet all of the conditions are given a high-priority to join the group; learners with only the necessary conditions have a low-priority; and the other learners cannot join the group, because they could harm the CL process. 2.3. Set the group goal (common goal); and design CL activities according to the interaction patterns that are described or prescribed by theories. These patterns can be followed by learners in order to obtain the desired individual and group goals. In previous studies we have shown how to design CL activities using this ontology.
Note that, unlike other approaches, the method of group formation using ontologies can provide the rationale for group formation. For each choice made to form a group, the ontology provides pedagogical justifications that explain it. For example, we can support instructors by explaining why some learners should collaborate and why others should not; it is also possible to help them set reasonable goals for learners and for the entire group considering the theoretical point of view, the learners' pre-conditions, and the content to be learned; also, we can ask learners to play specific roles in order to produce a more sophisticated collaboration.
Another interesting way to address the problem of group formation is to utilize ontologies to propose constraints that need to be satisfied. These constraints can be defined as strong constraint (must be satisfied) or weak constraints (an agent can decide whether this constraint should or should not be satisfied). Mapping the ontological representation to constraints that can be solved by existing engines (provided by Semantic Web technologies) is a straightforward and powerful alternative to hard-wired algorithms. An example of an algorithm for group formation using constraints can be found in the work of Ounnas et al. (2008) .
EXPERIMENT
With the objective of obtaining information about the impact of forming groups using theory-driven group formation with our ontologies, we designed an experiment as a proof-ofconcepts. The main goals of the experiment were to gather information and verify (a) whether instructors can use the concepts contained in the ontology adequately, and (b) if the framework of the group formation suggested by the ontology is relevant to the success of the CL session.
The study was carried out with 2 pairs of qualified instructors, each pair from a different institution, and 20 participants who were expected to develop information sharing and selfexpression skills. The participants are from 7 different countries from Latin America, pursuing different degrees in Japan (e.g., Medicine, Education, Agronomy), between the ages of 18 and 35 years old. All participants are volunteers in a NGO (Non-Governmental Organization) that support (a) children's education and (b) international exchange programs that promote cultural understanding. The participants need to learn how to work with people from different countries and with different cultures. Also, they need to improve their skills to present their work concisely and in an understandable manner for a broad audience. We chose such an illstructured environment for two main reasons: (a) since 2004, these participants have been working together, but have been suffering from many problems in collaborating and sharing information; and (b) in an ill-structured environment, it is easier to identify when a set of changes in the CL settings affects the success of the CL process. We expended about 2 months to complete the whole experiment.
The experiment consists of two phases. The first phase is the planning (set up) of the CL session and the second phase was its actual execution. In the first phase, instructors were asked to deal with the group problem using their own methods. After that, they should find an agreement and select or merge some of the created CL sessions. We specifically asked the instructors to give details about the content to be learned by the participants, their choices to form groups, to define individual and group goals, and to create a sequence of activities (including tools to be used). Next, the same tasks were done using our ontology with methods similar to those proposed in the previous section.
Basically, three different tasks (information sharing tasks) were used by instructors: (a) construction of mind map: Each participant has pieces of information (eg. about their country) and they need to create a complete picture about the situation (eg. poverty) in each country showing differences and commonalities (eg. government actions). Finally they need to come up with a consensus to create a mind map that covers all information discussed by the group; (b) Cultural exchange: Each participant is couple with another participant from different countries and they have to teach about their cultures and (c) Exposition: Each participant gives a small presentation about their own work/study/research and others have to summarize what have been presented. The main goal of these activities was help participants to acquire knowledge and skills to work in multi-cultural and racial environments where communication skills (not language skills) are essential to exchange information adequately.
The second phase was the application of the proposed sessions. For each CL session, about half of the participants used the scenario proposed by instructors without support of our ontology (control groups), and the other half used the scenario with ontological support (experimental groups). All groups (experimental and controlled) received support of instructors while the activities were taking place. For each session, different participants were selected to join the experimental groups according to the necessary requirements described in the ontology. All sessions were recorded and evaluated by both instructors and participants who filled out questionnaires after the sessions. The duration of each activity was about 3 to 6 hours plus some intervals of 30 minutes and each CL session was composed by one or more activities. Finally, regarding the conduction of designed collaborative scenarios we did not used any special computer-based support (e.g. CSCL scripts or IMS-LD engines). In our experiment, instructors act as recommender systems given individual recommendations for each participant before the CL sessions start.
In total, four CL sessions were created. The first one, with the main goal of spreading specific knowledge among participants, was performed in pairs where the more knowledgeable participant should "teach" the content to the less knowledgeable one. Four groups followed a Peer Tutoring based CL session (Endlsey, 1980) , and six control groups did not have any specific guideline. In the second session, the main goal was to improve skills of self-expression. Five groups were created with four members each. Three experimental groups followed a Cognitive Flexibility based CL session (Spiro, Coulson, Feltovich, & Anderson, 1988) where learners had to expose their opinions from different perspectives. For the other two control groups, it was advised that learners should expose their opinion during the task, but no restriction was imposed to ensure it. The third and fourth sessions were engaged in mind map constructions, with the main goal of improving cognitive and meta-cognitive skills, and the skills for self-expression. Four groups were created with five members for each. One group followed the Cognitive Apprenticeship CL session (Collins, 1991) with one teacher and four apprentices; another one followed the LPP CL session (Lave & Wenger, 1991) with two full participants and three peripheral participants; and the other two were control groups that received support from instructors, yet their interactions were not restricted in any sense. The group that followed Cognitive Apprenticeship theory had activities such as demonstrations and guided tasks. Although the final goals were the same, the group that followed LPP theory had activities such as discussions and exchanging of ideas. In Table 5 , we show some interaction between learners and their educational benefits. Demonstration s(3, 2)→s(4, 2) s(0, x)→s(1, x); s(1, x)→s(2, x); x=0,1,2 Instigating thinking s(3, 2)→s(4, 2) s(1, x)→s(2, x); x=0,1,2 Monitoring/Coaching s(3, 2)→s(4, 2) s(1, x)→s(2, x); Cognitive Apprenticeship (Collins, 1991) s(2, x)→s(3, x); x=0,1,2
Full Participant
Peripheral participant Requesting details s(3, 2)→s(3,3) s(0,x)→s(1,x); x=0,1,2 Instigating discussion s(3, 2)→s(4,3) s(1,x)→s(3,x); x=0,1,2 Exchanging information s(3, 2)→s(4,3) s(1,x)→s(3,x); x=0,1,2 LPP (Lave & Wenger, 1991) Regarding the assessment process, during the experiment we work together with the four instructors who performed many tasks to evaluate learners. To check the stage of development (knowledge/skills), instructors evaluated learners by giving: pre-test, post-test and questionnaires. Also, they analyzed learners' interactions/behaviors during the CL sessions and how these interactions affected the final product of the group. Based on these results they try to determine the stage of development of each learner. For example, if a learner gets a bad score in the pre-test, has a poor performance in the group, and gets a bad score in the post-test, then the instructor could say that such learner does not have any knowledge or skill s(0,0). In another example, if the learner gets a bad score in the pre-test, perform fairly in the group, and gets a better score in the post-test, then the instructor could say that this learner learned some basic concepts and move from s(0,0) to s(0,1). The explanation of each stage of learning and some strategies to roughly identify them are described on the works of Rumelhart and Norman (1978) and Anderson (1982) .
RESULTS AND DISCUSSION
The interface between instructors and ontologies was mediated by one of the authors. The intention was to capture the necessities of users and to check the usefulness of concepts represented in our ontologies (and not the usefulness of a particular system built using ontologies). With the encouraging feedback and data obtained in the experiment, we believe it is feasible to propose a complete ontology-aware system to support CL as shown in Figure 1 .
Concerning the first phase (planning), all the instructors agreed that the use of the ontology was quite helpful in obtaining insight about the group formation and in designing CL activities. It was discovered that many unconscious choices of instructors, in fact, have been explicitly represented in our ontology. Furthermore, instructors have considered it informative and meaningful that the concepts in our ontology were linked with the relevant theory. Besides this, the theory supports the rationale behind each choice to form a group and to design CL activities; in some cases, the instructors were able to select the theory they felt more comfortable working with. Another benefit pointed out by instructors was the facility to create and to share CL sessions. When each instructor produced their own sessions/scenarios using their own vocabulary, it was quite difficult to discuss the benefits of each one in order to find a common agreement and to merge them. One example of such a problem occurred when producing a CL activity without support (in our case, without ontological support) and then tried to share this activity with another person. In this session the use of a mindmapping tool was previously established. Then, to identify the problems of spreading information in a determined community and to create a mindmap, one pair of instructors proposed the following activity: "(a) identify specific problems; and (b) cluster these problems into more general problems". The other pair of instructors proposed the following: "(a) examine the main general problems; and (b) break them into small components clarifying their relationships". When the pairs exchanged their proposed activities, initially, both pairs classified these activities as different ones. However, after a more careful analysis, they realized the activities had the same goal (what to achieve) which was to identify the problems and their sub-problems in a given topic and show and identify the correct relationships between them. The main difference between the activities was how to achieve the goal. The first activity described a bottom-up approach while the second one described a top-down approach.
According to instructors' comments, using CL ontology the activities and sessions they described were more easily comprehended when they exchanged their created CL activities and sessions. Furthermore, the ontology was used only as guideline or basic structure to help them propose CL sessions with theoretical justification. Thus, the instructors also had the flexibility of not heavily relying on the theories and adding the characteristics they think the groups needed in order to work effectively. Our research shows that the use of the ontology did not restrict instructors' actions or their creativity. Instead, it helped them to focus on the main problem and to make efforts in parts where their expertise was required the most.
A simple, yet prime, example of the CL ontology usage for group formation is evident from the planning of the first session. In this session the main goal was to spread knowledge among participants. Using conditions such as the level of knowledge of the participants and the desired goal, our ontology suggests that a Peer tutoring-based CL session could be well applied in this situation. Such a suggestion encouraged instructors to pair participants of the highest level of the content specific knowledge (restructuring stage), the tutors, with participants of the lowest level of the content specific knowledge (Nothing), the tutees. These participants correspond to the top and bottom in Table 6 , respectively. However, the ontology suggests that the tutor should not be those who have the knowledge in restructuring stage. Instead, the tutors should be those who have knowledge in the accretion stage, which means they have the necessary knowledge, but do not have experience in teaching it to others, possibly leading to some misunderstandings ( Figure 6 ). As we presented in previous sections, there are at least two reasons for this suggestion based on theoretical justifications (Endlsey, 1980) . First, if the tutors already have knowledge in the restructuring stage, it means that they already understand the content well and have either been using or teaching it many times. Then, in this case only the participants playing the role of tutee will attain some measurable benefits. The second reason for using participants in the accretion stage as tutors is that they must explain the content to teach or share their knowledge and, consequently, they (a) can obtain a better understanding about it; (b) can be aware of possible misunderstandings in their own knowledge; and (c) can solve some of these misunderstandings by asking for help. Thus, both tutor and tutee can obtain measurable benefits, increasing the successfulness of the CL session. By receiving such pedagogically valid advice, the instructors were quite pleased to change their position when creating groups using the Peer tutoring based CL session (experimental groups) and groups paired randomly (control groups). As shown in Table 6 , four participants did not have the desired knowledge. Thus, instructors proposed 4 experimental groups and 6 control groups. Besides stages of development (knowledge and skills), to form groups instructors also considered other information such as: the language spoken by participants (to facilitate selfexpression), educational background (to increase heterogeneity of thoughts), culture (to increase cultural exchange), previous relationships with other participants (to avoid meaningless interactions), gender (to avoid groups with only men or women), and intrinsic behavior of participants. Table 7 shows some information used to form groups in the first CL session based on Peer Tutoring. Note that differently from conventional experiments which try to compare individuals who participated only in control groups or experimental groups, our experiment has a different objective which is to identify if any participant at any condition (actual and previous learning history) can join an experimental group and have a better learning experience if compared with his/her peers in control groups. Also, it is possible to compare his/her performance with previous performances when interacting with other learners in a control group setting. Furthermore, to avoid too much interference between CL sessions, in our experiment, each CL session is considered a unique event. Then, each session had their own pre-and post-tests, the interactions analysis considers only the interaction occurred within a session, students evaluate their partners concerning their participation within a session, and etc. Roughly the following schema was adopted to form groups and run activities for each session:
Start session A: 1-Learners' knowledge/skills for the particular domain and topic are assessed (pre-test). 2-Then, according to the pre-test, participants are assigned to experimental or control groups according to the algorithm proposed in this paper. Experimental groups are requested to follow a specific guideline according to a selected theory and control groups can work more freely. 3-During collaboration instructors assess the evolution of experimental and control groups. 4-At the end of the session, learners have a post-test. Questionnaires are also filled by participants to evaluate their peers. 5-Then, Instructors re-analyze the interactions of each participant (using recorded videos). 6-Finally, an overall evaluation of each group/participant is presented. 7-Groups are "dissolved".
End Session A.
For each session, we fixed learners in experimental groups and control groups. Therefore, it was possible to check the development of each participant within each session. When a new session starts we went back to step 1 above. In the new session, the content, skills and knowledge tackled were different from the previous session and the pre-test was done again. In Table 8 it is shown the distribution of participants in each session. 2; 4; 7; 8; 9 3; 11; 12; 13; 18 4 Control G4.3 G4.4 Member ID 1; 6; 14; 17; 19 5; 10; 15; 16; 20 After the members of each group were chosen, instructors used the interaction patterns represented in our ontology to properly propose the sequence of CL activities. As we discussed previously, each interaction pattern is a model of typical interaction processes described in one of the learning theories in the CL ontology. In a learning theory, educational benefits obtained by a learner through interactions are either implicitly or explicitly described. Thus, the interaction patterns have been developed to facilitate specific interaction processes that are recommended by theories to achieve specific learning goals (Inaba et al., 2002; 2003) . For example, the first session used the interaction pattern for Peer Tutoring (Endlsey, 1980 ). An illustrative visualization of this pattern is shown to the right of Figure 7 . Solid-boxes represent necessary interactions, or those that are essential to attain the desired educational benefits; dotted-boxes represent complementary interactions, or those that support the achievement of desired benefits but are not essential. Each of these boxes possesses some events related to it. In the case of Peer Tutoring we have a Tutor event and a Tutee event. The arrow shows desired transitions between interactions. This pattern is richly represented in CL ontology where the actions of each participant, their benefits, and other information are also explicitly and formally described. A small portion of the CL ontology describing the interaction activities within the colored box is shown to the left of Figure 7 . In the second phase of our experiment, we tried to verify differences between the control groups and the groups formed using our ontology (experimental groups). For each CL session, instructors checked how the participants interacted with each other, the groups' achievements, and the benefits obtained by individuals, besides other indicators. Although the number of participants is not statistically significant to make a richer analysis or stronger conclusions, we have found some interesting results.
Start Knowledge Transmission
First, instructors observed that in the control groups more than half of the scheduled time of some sessions was filled with meaningless interaction instead of performing the necessary activities that would improve the desired skills. Meaningless interactions were defined by instructors as those that interfere with the good "health" of the group and the progress of collaboration among group members. Examples of meaningless interactions are: arguing among members; long discussion without any concrete result; "off-topic" discussion; abrupt interruption while good collaboration is taking place; excessive participation (of one member) or lack of it; besides many others. Furthermore, it was noted that on many occasions, members of experimental groups who had worked well together in previous sessions could not work together in control groups, harming the CL process. One explanation is that in the experimental groups, participants who were chosen adequately (rather than randomly, as it usually happens), had defined roles and could follow well-structured interaction patterns. As many studies have shown, following these regulations can decrease the chances of undesirable interactions (Dillenbourg, 2002; Strijbos et al., 2004) . In Figure 8 we show the percentage of meaningful interactions of both experimental and control groups. In this figure, it is possible to observe that the experimental groups spent more time in meaningful interaction than the control groups in all the designed CL sessions. Another interesting result obtained in our experiment was that in most sessions the participants in the experimental groups had more improvement, and the performance of the whole group was better when compared with the control groups. Figure 9 shows the final scores for each participant given by instructors considering both qualitative (e.g. how the interactions were performed) and quantitative (e.g. individual and group test scores) parameters. In the left side of each graph on Figure 9 we cluster the scores of participants who joined the experimental group for each session. For example, in the first session, eight participants joined experimental groups based on Peer Tutoring, and their grades are presented in the first eight columns of the top-left graph; in the second session, twelve participants joined the experimental groups based on Cognitive Flexibility, and their grades are also presented in the first twelve columns of the top-right graph. The same follows for sessions 3 and 4 (columns 1 to 10). According to the instructors, most of the participants who joined the experimental groups achieved their individual goals, and the groups performed more smoothly. As a result, we can observe that the average of the participants in experimental groups had a better score when compared with the average of participants in control groups. In each graph, the median of the scores obtained by participants in experimental and control groups are shown as a red line. It is also worth to observe that in the experimental groups only two scores (out of forty), which means 5% of the total, were lower than the borderline (value 6) and in the control groups we have eighteen scores below the borderline, which means 45% of the total. Furthermore, in the experimental groups 25% of the scores were equal or above 9, and in the control groups only 5%. Finally, the average score considering all sessions in the experimental groups was 7.9, with standard deviation (σ) equals to 1.38, while in control groups it was 5.7, with standard deviation equals to 1.80. Although the number of subjects is not statistically significant, this experiment can be used as proof-of-concepts to demonstrate the feasibility of our framework. In this situation these results suggest that our group formation methodology might have some good impact on learning development in the group learning context. Furthermore, we identified that the majority of learners obtained good results when interacting in experimental group settings even if they had bad performance in previous sessions when interacting in control group settings. Furthermore, learners who had good results in experimental group settings often had worse performance when in control groups. This result suggests that independently of the previous group learning experiences, it might be possible to give a good support to learners by providing a good group formation and CL scenario where learners can interact more effectively. Through an interview with instructors and other learners, we have confirmed that the main reasons for such a clear difference of performance between the experimental and control groups are the adequate formation of group members together with the structured design of CL activities. In our experiment, instructors and participants who were in experimental groups had in hand the sequence of interactions (interaction pattern) suggested by our ontology and instantiated by instructors, together with explanations about what the goals of each interaction were and what actions were expected for each participant. Thus, when a participant in a group interacted in a way that did not contribute to the goal of the interaction and/or the expected actions have not being performed then other participants or the instructor could ask him/her to keep following the script (interaction pattern). The approach of using ontologies to give explicit information to participants empowered them allowing for the group's self-regulation to fit their interactions in the proposed interaction pattern. The possibility of providing support for groupbased self-regulation has recently been introduced as a good mechanism to structure and investigate individual's interactions in group contexts (Sassenberg & Karl-Andrew 2008) . According to the questionnaires filled by instructors, with the adequate group formation and interaction pattern, it was observed a better involvement of participants which facilitated positive interdependence and individual accountability of participants. According to participants' questionnaires, because everyone had a role in the group and could check how they would contribute to the achievement of the group goal, they felt a sense of partnership with each other. Thus, contributions of each participant were more respected and expected and, finally, group consensus was reached more rapidly.
For example, in the session 3 and 4 the groups had the goal to share the skill for building a mind map, and the experimental groups based on Cognitive Apprenticeship participants were chosen according to pedagogical specifications. These specifications explicitly informed the roles, tasks, and individual goals for each participant. The participants who played the role of "Master" had to increase his or her ability to build a map (which means to develop the specific skill in the autonomous stage) while the "apprentices" had to learn how to build a map adequately (which means to develop the specific skill in the associative stage). Throughout specific tasks the teacher helped the "apprentices" produce a map by externalizing his or her cognitive processes while building maps and monitoring apprentices. As a result, on one hand, the learners playing the role of "Master" acquired the desired individual goal. And on the other hand, by observing, imitating and being monitored, the "apprentices" developed the desired skill effectively and smoothly. In these sessions the participants in the control groups did not achieve an effective group performance. Although some members of the control groups achieved their individual goals, the groups could not achieve their desired goals. A lack of coordination was observed among participants that frequently generated strong disagreement among some and caused an increase in indisposition of participants working together. As one participant had pointed out: "We spent too much time to organize our thoughts and only a few time left to present solutions for the topic. I believe if we have more time before to activity to discuss the topic (informally) our results could be improved". Another problem was that some participants did not contribute towards the group goal. For example in one of the sessions one participant have complained about the behavior of other one: "one participant didn't interact with the group. She was just listening without do anything for the group, except when someone asked her opinion. I think if someone wants to work in group he/she must work for the group". In this case the participant who did not interact with others in the group behaved passively because she didn't know what the group was expecting her to do. In such situations participants were more liked to work alone to develop their own skill than supporting their colleagues in a group learning environment. It was also identified that the indisposition among some participants remained after the CL sessions, indicating that a previous harmful CL session may partially have a negative effect on future CL sessions.
However, according to the participant's opinions, it was somewhat difficult to follow some settings of experimental groups such as appointed roles, strategies and tasks. One of their arguments was that sometimes they had to neglect their personal behavior to get the task completed as requested. Another comment was that it would be preferable to have more than one sequence of activities, so that they could choose a sequence that suit better for them, avoiding or at least decreasing the sense of obligation in completing an unwilling sequence of activities. Those complaints are reasonable and will be taken into consideration to improve our ontology
In conclusion, the results of this experiment used as a proof-of-concepts suggest that the framework of group formation presented in our ontology can be used to adequately form effective groups. This verification is essential in order to provide intelligent systems with theoretical knowledge that clarify how learning theories help instructors to form groups, to design CL activities, and to enhance learning outcomes. The ontology presented in this work aims to represent the knowledge of intelligent educational systems that support CL, while playing a central role in the decision making about how, when, and why we should use theories to form groups that consider the factors that influence the CL process.
CONCLUSIONS
The main goal in this work was to demonstrate that to some extent it is possible to use ontological engineering to "operationalize" and capture important concepts of learning theories from a purpose-specific perspective and thereby support group formation in CSCL. Our assumption is that each theory has strong and weak points and depending on the situation we can switch from one theory to another. To allow that, concepts of learning theories must be explicitly represented and ontologies are used for this purpose. Thus, an intelligent system can use ontologies to help users to form groups, design CL activities and realize when a theory is more appropriated than others considering participants' conditions, teacher's preferences and other resources in the environment. According to our analysis, some of the critical elements presented in learning theories that affect group formation and learners' interactions are: (a) Individual goals; (b) group goals; (c) group arrangement goals; (d) roles; (e) learning strategies; (f) learner's behavior; (g) interaction patterns; and (h) learners' stage of knowledge/skill. All these elements and many others are semantically connected and explicitly represented in our CL Ontology.
We also proposed a method for adequately using the concepts on our ontology which consist of (a) understanding students' needs; and then (b) select a theory to support group formation and designing of CL activities that satisfy the needs of all students in a group. Our assumption was that by having students' information beforehand, we can increase the benefits of collaboration by grouping students who can support one another, assigning roles adequately according to student's conditions and proposing more personalized CL activities that help them to achieve their individuals and group goals. This approach does not intend to neglect the existence of other effective methods for group formation such as the conventional one that first, select a group goal and a basic structure to design collaborative tasks and then assign real learners to roles and groups. Instead, our ontology can support a variety of group formation methods and depending on the situation different methods should be combined and used to increase the benefits of group learning.
One main difference between our approach and conventional ones is the view about the relationship between group formation and the design of interactions. Usually, conventional approaches separate group formation from design of interactions. However, the authors consider a different approach where these two problems are intrinsically connected. Such view comes from the fact that learning theories propose guidelines to group learners for specific sequence of interactions. Therefore, to make the realization of theory-driven group formation come true, both group formation and structuring of interactions need to be treated as a single unit. Otherwise we cannot say that a group formation is theoretically-sound. Based on our commitment, it would be inconsistent to form groups adequately and let participants interact freely (and vice-versa) . Such difference in viewpoint could be an interesting issue for future research and study cases on this topic.
To verify the usefulness and effectiveness of our ontology and method for group formation,, we conducted an experiment as a proof-of-concepts with 4 instructors and 20 participants. The results of the experiment indicate that the concepts in the ontology helped instructors to form groups and design CL activities with theoretical justifications. Besides that, although our results are not statistically guaranteed, they suggest that individuals in experimental groups, where each member was carefully selected and the interactions were partially moderated following the prescriptions in the ontology, performed and learned better than those in the control groups whose members were not selected so rigorously and could interact freely with others. We hope with the insights of this work other researchers in the educational field have an interest to make a step forward in proposing many different ways of grouping students and maybe combining some characteristics of different theories to check the possibility of increasing collaborative learning benefits.
We believe the ontology developed in this work is a step forward in the development of the foundations of an intelligent authoring tool for CL, with well-grounded theoretical knowledge, that supports group formation, facilitates the design of CL activities, and minimizes the load of interaction analysis (Figure 2 ). The experiment shows that the CL ontology can provide useful information to support CL processes, and it can be further improved considering the comments of instructors and participants. Furthermore, we have already started to merge concepts in the CL ontology with the OMNIBUS ontology, which represents the theoretical knowledge for individual learning, developed by Hayashi et al (2006 Hayashi et al ( , 2008 , and is freely available through the Internet at http://edont.qee.jp/omnibus/. Thus, it will be possible to select the best situation to switch from individual learning mode to collaborative learning mode (and vice-versa) and create learning scenarios "on the fly" that more adequately support instructors and help learners to achieve their goals. Our ultimate goal is the realization of AAAL: Anytime, Anywhere, Anybody Learning through the development of theory-aware systems which use ontologies to help instructors and learners; structure learning activities and materials compliant with instructional/learning theories; and guide them to perform individual or collaborative learning. We believe such systems have huge potential for making AAAL meaningful to both instructors and learners.
Finally, the current use of ontologies has been suffering from a lack of good interfaces that friendly connect instructors/teachers with the formal notation of concepts. In order to develop better ontology-aware systems there is a strong need that researchers from Human-Computer Interaction and Artificial Intelligence cooperate to create smart interfaces that completely hide the ontology from end users and ask or present only the minimum amount of information necessary to do some reasoning (information in the ontology should be automatically extracted from the knowledgebase). Using such smart interfaces, it would be possible to decrease the problem of the necessity of end users (e.g. teachers) working with formal notation and the overload of information that they have to deal to perform a task. In future research, we can utilize the results of this work as the basis to propose more user-friendly ontology-aware systems.
